We present an experimental study of a vertical-cavity surface-emitting laser with polarized optical feedback. The system displays single-mode low-frequency fluctuations for a large interval of pump current. The dynamics is determined by phenomena extending on a wide range of time scales. In particular, we show, besides rare power drops ͑events͒, a periodic structure within the single event, a slow temporal drift in this pattern, and a coherence extending over several events. DOI: 10.1103/PhysRevA.67.053809 PACS number͑s͒: 42.65.Sf, 42.55.Px, 42.60.Mi Optical feedback strongly affects the performance of semiconductor lasers often leading to critical stability or dynamics. A peculiar feature of lasers under moderately strong optical feedback is the phenomenon known as low-frequency fluctuations ͑LFF͒ ͓1͔: the temporal evolution of the emitted power displays abrupt, irregularly occurring dropouts, followed by a slow recovery. Despite considerable theoretical and experimental effort ͑Refs. ͓2-11,13͔ present some recent results͒, some aspects of the phenomenon still remain only partially understood.
Optical feedback strongly affects the performance of semiconductor lasers often leading to critical stability or dynamics. A peculiar feature of lasers under moderately strong optical feedback is the phenomenon known as low-frequency fluctuations ͑LFF͒ ͓1͔: the temporal evolution of the emitted power displays abrupt, irregularly occurring dropouts, followed by a slow recovery. Despite considerable theoretical and experimental effort ͑Refs. ͓2-11,13͔ present some recent results͒, some aspects of the phenomenon still remain only partially understood.
The LFF are particularly intriguing and, at the same time, difficult to study because of the different time scales involved. The period between events is of the order of some hundreds of nanoseconds and the recovery time is a few tens of nanoseconds. Both periods are much longer than all the typical time scales of the laser structure, including the delay. However, van Tartwijk and Lenstra ͓2͔, studying a LangKobayashi ͓3͔ model, have predicted that LFF events are indeed due to an average over an irregular series of pulses having a width of the order of 100 ps. Such a structure has been shown by few experiments using a streak camera ͓4 -6͔.
A further complication is given sometime by the presence of multimode dynamics. It was shown that, for standard configurations, several longitudinal modes of the internal laser cavity are excited during LFF even using a stable, singlemode solitary laser ͓7,8͔. Indeed, the pulsed dynamics and the abrupt dropouts typical of LFF are attributed by Vaschenko et al. ͓5͔ to the presence of several internal modes. The general validity of this observation is contradicted by recent experiments ͓6,9,10͔. The study of a strictly single-mode system is of great importance because the understanding of the phenomenon is easier and simpler models ͑e.g., the Lang-Kobayashi model͒ can be applied.
From the above discussions, we can argue that the LFF dynamics can represent a very interesting framework for the study of processes involving different time scales.
A good candidate for accurate measurements of singlemode behavior is represented by the vertical-cavity surfaceemitting laser ͑VCSEL͒, which can support only one longitudinal mode due to its extremely short laser cavity. With this kind of laser, it is crucially important to consider two perpendicular polarizations, which can both be active due to the highly symmetric cavity. Giudici et al. ͓11͔ have studied a VCSEL with isotropic ͑polarization insensitive͒ feedback, finding anticorrelated LFF events in the two polarized emissions.
In this paper we describe the experimental study of VCSEL with a polarized optical feedback. The system presents a clear single-mode, LFF dynamics. Thanks to a good temporal resolution together with large statistics on long temporal series, we show that the overall temporal behavior is characterized by the interplay of several dynamics acting on a wide range of characteristic times.
The laser we have used is an air-post VCSEL, provided by CSEM ͑now Avalon Photonics͒ ͓12͔, working at 765 nm. The laser is thermally stabilized within few mK and is driven by a low noise current source. The threshold current of the solitary laser is I th ϭ3.0 mA and the device emits linearly polarized light in the fundamental mode up to 6 mA. Beyond this value, higher-order transverse modes appear on both polarizations. In order to avoid multimode dynamics, we always operate well below 6 mA. The measured birefringence is about 3 Ghz and the dichroism is about 0.5 GHz. The external cavity is about 50 cm long, giving a round trip time c ϭ3.63 ns. Inside the cavity, two polarizers are inserted in order to have strong suppression (ϳϪ60 dB) of feedback on the unwanted linearly polarized component. For the measurements here reported, the feedback is applied on the polarization direction of the free-running laser at threshold, which we call in the following main polarization ͑MP͒. However, similar results are obtained when the feedback is on the perpendicular polarization ͑secondary polarization, SP͒, with the roles of the two polarizations exchanged.
Both polarizations are simultaneously detected with avalanche photodiodes (bandwidthӍ2 GHz) and analyzed by a 4-GHz-bandwidth digital scope at a sampling rate of 10 Gs/s. Optical feedback results in a reduced threshold current I th red ϭ2.75 mA, corresponding to a reduction of about 12%.
For pump current values ranging between I th red and I th , the device is single mode on the main polarization. The temporal behavior, shown in Fig. 1 , exhibits the typical features of the LFF: randomly distributed abrupt power dropouts, followed by a gradual recovery. Along the recovery, the power displays an oscillation with a period corresponding to the external cavity round-trip time and, within each period, a pulsed structure ͓Fig. 1͑b͔͒. The width of the pulses, about 300 ps, is limited by the detection bandwidth, but they can clearly be distinguished. As a consequence, we can study the fast dynamics with a sufficient resolution, while keeping the possibility to analyze long term statistics.
We remark that below I th the secondary polarization is completely absent, thus the dynamics is strictly single mode. However, the LFF dynamical behavior in the main polarization is still present above the solitary laser threshold, up to about Iϭ3.5 mA, as shown, for example, in Fig. 2 . In order to give a more quantitative description of this phenomenon, we have measured the dependence on the pump current of the average time T between LFF events. In particular, we plot in Fig. 3 the measured T as a function of the reduced pump parameter red ϭ(I/I th red Ϫ1). For IϽI th we find the power-law dependence as TϭK/ red , with Kϭ68 ns, displayed by the fitting line in the figure. The same power law holds for currents higher than I th without any noticeable discontinuity, up to about Iϭ3.2 mA ( red ϭ0.16), afterwards T stabilizes around 35 ns.
A 1/
LFF scaling, where now LFF refers to the appearance of the LFF, has been observed both in experiments on edge-emitting lasers with optical feedback ͓10͔ and in numerical simulations of single and multimode LangKobayashi models ͓13͔, in disagreement with previous experimental results ͓15͔ and with the Henry-Kazarinov ͓14͔ model. In our case, a nonlinear fit of T leaving the threshold as a free parameter gives exactly the value of 2.75 mA, corresponding to the accurately measured I th red . The LFF appear at least around 2.8 mA and a shift between I th red and the threshold of LFF, if any, cannot be distinguished from our data. Thus, we cannot say that our observations are in disagreement with Refs. ͓10͔ and ͓13͔, at least below I th . However, above the threshold of the solitary laser, these papers show a deviation from the 1/ LFF low toward shorter T, a feature that is not observed in our experiment.
The oscillatory behavior and, in general, the short-time dynamics can be accurately studied by calculating the normalized autocorrelation function of the signal. An example is shown in Fig. 4 for a current of 3.18 mA. We discuss here the behavior above the solitary laser threshold for including in a simpler way the SP characteristics in the following part of the paper, but the observed features in the MP below I th are the same. The autocorrelation is calculated on a time trace of 2ϫ10 5 samples ͑corresponding to 20 s). We can clearly distinguish a main periodicity corresponding to the round-trip time and a substructure of secondary peaks spaced by 1/6 of c ͑clearly visible in the inset͒. If we observe the temporal trace ͓see, in particular, the enlargements in Fig.  1͑b͔͒ , we notice that the pulse structure has indeed a subperiodicity of this kind, even if it is here less regular than in the correlation. Moreover, we see that the amplitudes of the six pulses within one c are of same magnitude. This actually means that the large amplitude of the main peaks in the correlation function with respect to the secondary peaks originates from a temporal pattern that is nearly repeated every c . We remark that such a property is not easily visible from the time series, but it is clearly shown by the autocorrelation FIG. 1. Polarization-resolved time series of the laser emission, for a pump current of 2.91 mA. The upper ͑black͒ trace refers to the MP, the lower ͑gray͒ trace refers to SP and it has been down shifted for clarity. ͑b͒ is an enlargement of ͑a͒ around one LFF event, with the horizontal axis normalized to the cavity round-trip time. The inset in ͑b͒ is a further enlargement. that allows one to extract it from a large number of events. Such a feature is typical of long-delayed systems ͓16͔. The secondary peaks within the delay time are less marked for lower currents. However, the regularity of the pulsed pattern and its weak dependence on the pump parameter allow one to exclude a direct relation with the relaxations oscillations.
After few c 's, the main peak gets lower, in favor of its neighboring secondary peak on the right. This feature is clearly shown in the inset of Fig. 4 : after about 6 c 's, the highest peak becomes the one on the right of the dashed line marking the integer number of delay times. This phenomenon corresponds to a drift in the pulse pattern, which can be better visualized in a two-dimensional graph obtained by dividing the correlation function into intervals of length c and plotting the obtained segments one over the other ͑Fig. 5͒. The vertical structures are an indication of the main periodicity, which is common to all the peaks. Moreover, one clearly recognizes the propagation of a wave along a diagonal of the graph. With respect to other observations of propagation with drift in long-delayed dynamical systems ͓17͔, in this case there is no continuous shift of the pattern, but the effect manifests in the envelope of peaks which remain at fixed positions within c . The drift coefficient is about 0.02.
On a longer time scale, we observe a long-range oscillating trend ͑in Fig. 4 the period is about 40 ns͒. Its origin is found in the following LFF events. Indeed, the oscillation period exactly corresponds to the average time between events T, as shown in Fig. 3 . It is important to notice that the oscillating peaks in the correlation keep a significant amplitude well beyond the time when the following LFF events come into play. This actually means that the pulse patterns of different events are in phase, i.e., the phase information is maintained at the power drop and the coherence of the pulse pattern is very robust against LFF dynamics.
All the above observations on the MP dynamics are valid both below and above I th , without any apparent discontinuity. For a current above the solitary laser threshold, it is also possible to observe intensity spikes in the secondary polarization, in correspondence of the main polarization dropouts ͑see Fig. 2 , gray trace͒.
The SP spikes have a duration much shorter than the recovery time of the LFF event. This duration is measured by the first part of the autocorrelation function of the SP, shown in the inset of Fig. 6 . Contrary to the MP, there is no periodic pattern and the correlation function is a decreasing exponential with a decay time between 1 ns and 2 ns, slightly shortening with the pump current.
From the above observations, we argue that the SP is not directly influenced by the feedback. When the MP is inhibited, the SP can turn on as long as the medium gain is sufficient, i.e., above the solitary laser threshold. Then, as soon as the MP starts to recover, the SP switches off according to the stability conditions of the laser. This interpretation naturally clarifies why for I th red ϽIϽI th the laser is strictly single mode. The lack of fast oscillatory features in the SP autocorrelation allows one to point out the longer scale dynamics, which is completely transmitted from MP to SP. As shown in Fig. 6 ͑main window͒, the long-range oscillatory trend is still present and perfectly coincides with that in MP. Besides, a further fine structure is clearly observed, as a further superimposed oscillation with a period of about 9 ns. This feature is due to a periodically bunched structure of the LFF events, which is clearly revealed by the histogram of the time periods between events, also shown in Fig. 6 . The fine structure is less marked at lower frequencies, while at 3.5 mA, when the LFF dynamics becomes less clearly defined, the longer oscillation is completely overwhelmed by this last structure. This is the indication of a pronounced bunching of the LFF dynamics prefiguring a less ordered state.
In conclusion, we have presented the experimental study of the dynamics of a VCSEL with polarized optical feedback. This system allows one to investigate strictly singlemode LFF on a wide range of pump parameter. Above the solitary laser threshold, we also observe a kind of couple modes dynamics; namely, the main polarization continues the LFF dynamics without any apparent discontinuity, while the secondary polarization shows an emission with short spikes, which is not directly induced by the feedback, but is driven by the main polarization through the laser gain medium. The comparison of our results with a numerical analysis of the VCSEL with feedback based on the spin-flip model ͓18͔ shows a good agreement and will be presented in a further paper.
Our study extends to a wide range of time scales. In particular, a high temporal resolution analysis on long time traces allows one to show that the trains of short pulses, already observed in previous experiments, have a strong periodicity corresponding to the delay time and, within a onedelay pattern, a regular spacing given by a fraction of the delay. We also observe a slow drift in the pattern, as in the case of long delay systems. The sequence of pulse patterns maintains its coherence over several LFF events, which display a marked periodically bunched structure.
The occurrence of time evolutions characterized by the interplay of phenomena on a wide range of time scales is found in several studies, including hydrodynamic turbulence, physiology, economics, and ecological systems. Our experimental work allows a detailed analysis of such a regime, which is not easily accessible in the above fields, even by numerical simulations.
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